In the course of macronuclear differentiation in spirotrichous ciliates massive DNA reorganization processes take place, which include splicing, cutting, rearranging and eliminating speci®c DNA sequences. In order to identify genes involved in these processes we took advantage of suppression subtractive hybridization. We have identi®ed three transcripts that are exclusively expressed during macronuclear development in the ciliate Stylonychia lemnae. Two of the three differentially expressed mRNAs we have analyzed encode for novel proteins. One gene, mdp1 [macronuclear development protein 1 (MDP1)], encodes a homolog of the PIWI protein family. PIWI proteins are involved in germline differentiation processes and RNA silencing in worms,¯ies, mice, humans and in plants. Possible functions of the S.lemnae PIWI related protein MDP1 in the regulation of macronuclear development will be discussed.
INTRODUCTION
Programmed DNA rearrangements and subsequent elimination of speci®c germline DNA play crucial roles in the development and evolution of many organisms. Well studied systems include V(D)J recombination, which leads to antibody diversity (1), Trypanosome surface antigen variation to escape the host's immune system (2) , switching of mating types in yeast (3) , programmed chromosome breakage and chromatin elimination events in Ascaris megalocephala (4) and Cyclops (5) , and the elimination of complete chromosomes in Scaria coprophila (6) and some hag®sh species during early embryogenesis (7) . The most dramatic example of programmed DNA reorganization and elimination occurs in spirotrichous ciliates, e.g. Stylonychia, Oxytricha, Sterkiella and Euplotes (8) .
The stichotrichous ciliate Stylonychia lemnae, like all ciliates, contains two types of nuclei: a transcriptionally inert germline micronucleus used in cell mating and a transcriptionally active somatic macronucleus used for vegetative cell growth. The DNA in the micronucleus is organized in chromosomes, with genes found singly or in groups separated by long regions of AT-rich spacer DNA. Micronuclear genes are interrupted by multiple, short, noncoding, AT-rich sequences, called internal eliminated sequences (IESs) (9) . IESs interrupt macronuclear destined segments (MDSs). In 20±30% of genes the MDSs are scrambled, such that they are in a permuted order relative to the functional macronuclear gene (9) . In contrast, the macronuclear DNA occurs as short molecules, ranging from 400 bp to~40 kb and averaging about 2.5 kb in length. The number of different DNA molecules found in a macronucleus is estimated to bẽ 20 000 (8) . Almost all sequenced macronuclear molecules encode a single gene and each DNA molecule is present in one to several thousand copies.
Macronuclear DNA derives from micronuclear DNA after sexual reproduction (conjugation), during a~100 h process called macronuclear development (10) . In spirotrichous ciliates macronuclear development begins with several rounds of replication to yield polytene chromosomes with a maximum polytenization of 64C (8, 10) (Fig. 1) . During polytene chromosome formation IESs and transposon-like elements are eliminated and MDSs ligated to eventually form a functional gene (11) . Destruction of the polytene chromosomes is coupled with elimination of up to 98% of the DNA, leading to the DNA poor stage (8) . In the course of this DNA elimination event macronuclear DNA becomes speci®cally fragmented and telomeres are added de novo to each DNA molecule. Another four or ®ve rounds of replication yield the mature macronucleus (8) .
Nothing is known about the trans-acting factors that are involved in restructuring the micronuclear genome, leaving many fundamental questions about the mechanism, origin and evolutionary conservation of these processes among ciliates and eukaryotes in general. Studies in the distantly related ciliates Paramecium and Tetrahymena indicate epigenetic regulation of some of the DNA rearrangement events occurring during macronuclear development possibly through RNA`cross-talk' from the old degenerating macronucleus (12) .
In order to identify proteins responsible for these processes in S.lemnae, we have employed a suppression subtractive hybridization procedure to enrich for transcripts differentially expressed during macronuclear development. Here we describe three mRNAs that are transcribed exclusively during macronuclear development. Two genes encode novel polypeptides with no signi®cant identity to sequences in GenBank. The other transcript encodes a homolog of the PIWI protein.
Members of the PIWI group are involved in germline development and the RNA silencing pathway in evolutionarily diverse eukaryotes (13), suggesting that the process of macronuclear development in S.lemnae requires functions related to those involved in germline development and differentiation in a wide variety of eukaryotes.
MATERIALS AND METHODS

Accession numbers
cDNA sequences have been deposited in GenBank with the accession nos AY128524 for mdp1, AY128525 for mdp2 and AY128526 for mdp3.
Growth of Stylonychia lemnae and isolation of macronuclear DNA Stylonychia lemnae was cultivated and macronuclear DNA was isolated as described previously (14, 15) .
RNA isolation
Total RNA was isolated from vegetative cells and from cells at various stages of macronuclear development (Fig. 1) . The cells were ®ltered through 120 mm gauze and concentrated on 30 mm gauze. For total RNA isolation 750 ml Trizol LSReagent (Invitrogen) was added to 250 ml of the cell suspension and the RNA was isolated according to the manufacturer's protocol. RNA concentration was determined by UV spectroscopy. Total RNA (300±500 mg) was isolated from a 1000 ml culture. When needed, poly(A) + RNA was isolated with the PolyATract mRNA Isolation System (Promega). Poly(A) + RNA yields were typically 6±10 mg per mg of total cellular RNA.
cDNA subtraction
Suppression subtractive hybridization was used to identify differentially expressed transcripts. The PCR Select cDNA Subtraction Kit (Clontech) allows comparison of two populations of mRNAs by obtaining clones of genes that are present in one RNA pool but not in the other (16±18). The mRNA populations of interest were reverse transcribed and cDNA synthesis was performed. The cDNA pool containing the speci®c transcripts is referred to as the tester, and the reference cDNA pool as the driver. Two micrograms of Poly(A) + RNA was used for cDNA synthesis. RsaI digestion, adaptor ligation, subtractive hybridizations and subsequent PCR ampli®cations were performed according to the manufacturer's protocol (Clontech PCR-Select cDNA Subtraction Kit User Manual PT1117±1). The resulting cDNAs were cloned into a TA vector (see below) for further analysis.
Cloning and sequencing
PCRs were either carried out with Biotherm Taq polymerase (Genecraft) or with the Advantage cDNA PCR Kit (Clontech). PCR products were cloned into the TA cloning vector pGEMTEasy (Promega). Plasmid DNA templates for sequencing were prepared with the Miniprep Kit (Qiagen). Dye terminator DNA dideoxy cycle sequencing was carried out by MWG-Biotech AG (Ebersberg, Germany).
RT±PCR analysis
In order to determine the expression pattern of individual transcripts, RT±PCR analyses with total RNA derived from different stages during macronuclear development and, as a control, from total RNA derived from vegetatively growing cells were performed. DNase I digested total RNA (2.5 mg) was reverse transcribed with the RACE adaptor primer in a 20 ml reaction (Superscript II RT, Invitrogen). Of this cDNA, 2.5 ml was used for subsequent PCR ampli®cation with individual primer pairs. Primers amplifying a region of the actin I gene were used as a control.
Rapid ampli®cation of cDNA ends (RACE)
To determine the ends of the transcripts RACE reactions were performed (19) . Following reverse transcription (SuperScript II RT, Invitrogen) of total RNA with the RACE adaptor primer 5¢-GACTCGAGTCGACATCGA(T) 17 -3¢, a PCR with a gene speci®c primer and the RACE primer was performed (3¢ RACE). The 5¢ end was ampli®ed by reverse transcription (SuperScript II RT, Invitrogen) of total RNA with a gene speci®c primer. The cDNA was puri®ed with the QIAquick PCR Puri®cation Kit (Qiagen), the 3¢ end of the target cDNA was A-tailed (terminal dideoxynucleotidyl transferase; Amersham Biosciences), and a PCR with the RACE adaptor primer and a nested gene speci®c primer was performed. The resulting PCR products were then cloned and sequenced.
Virtual northerns
Total RNA (3 mg) was reverse transcribed and second strand cDNA synthesis was carried out with Escherichia coli DNA polymerase I, E.coli RNase H and E.coli DNA Ligase (SuperScriptÔ Choice System for cDNA Synthesis, Invitrogen). For agarose gel electrophoresis equal volumes from the same cDNA preparation were used for each of the four gels. The gels were blotted onto Hybond N + nitrocellulose membranes (Amersham Biosciences) and hybridized with probes generated from the differentially expressed cDNA clones by the PCR DIG Probe Synthesis Kit (Roche Molecular Biochemicals). Primers used for probe generation were the Clontech primers, nested PCR primer 1 and nested PCR primer 2R (PCR-Select cDNA Subtraction Kit, see above). Prehybridizations and hybridizations were carried out with Church hybridization buffer (20) at 68°C. Probe concentration was set to 25±35 ng/ml hybridization buffer. After hybridization the membranes were washed according to standard procedures (20) . Speci®c cDNAs were detected with NBT/ BCIP using the Dig DNA Detection Kit (Roche Molecular Biochemicals).
Determination of open reading frames
Polarity of the transcripts was determined by 3¢ RACE. The ®rst AUG on the sense strand marks the origin of the only signi®cant open reading frame (ORF) on all of the transcripts analyzed in this study. ORFs were translated taking into account that UAA and UGA encode glutamine in stichotrichous ciliates (21) .
Protein sequence analysis
Protein search was carried out with SWISS-PROT/TrEMBL (22) . PSI-BLAST similarity search was performed at NCBI (23) . Multiple sequence alignments were carried out with the ClustalX application (software version 1.81). Determination of the theoretical isoelectric point (pI) and molecular weight (MW) were carried out with protein identi®cation and analysis tools on the ExPASy server (24) .
RESULTS
Suppression subtractive hybridization was performed using cDNA created from RNA isolated 10 and 40 h after initiation of macronuclear development as testers and vegetative cDNA as driver. Following the hybridization procedure, the resulting cDNAs were cloned and plated. Twelve colonies from both the 10 and 40 h suppression subtractive hybridization procedures were sequenced. Six of the S.lemnae sequences originated from known genes (i.e. several histones, cyclin B and PABP) that are not transcribed exclusively during macronuclear development as con®rmed by RT±PCR. Presumably these genes are upregulated during macronuclear development when chromatin remodeling and DNA replication to yield polytene chromosomes occurs. These sequences were not further analyzed in this study. Ten clones were identical in sequence, and the other eight were unique. Primer pairs were designed from each sequence and PCR was performed on cDNA isolated from 0, 10, 20, 30, 40, 50 and 60 h after initiation of macronuclear development and on cDNA isolated from vegetative cells. Based on these PCR results, four of the nine sequences represented genes that are transcribed during macronuclear development but not during vegetative growth. 5¢ and 3¢ RACE was performed in order to clone and sequence the entire cDNA molecules. Sequence analysis revealed that two of the four transcripts are identical. Thus, the procedure yielded a total of three differentially expressed genes. These genes have been named macronuclear development protein (mdp)1, 2 and 3 (the corresponding proteins are referred to as MDP1, 2 and 3). mdp1 and mdp2 were isolated from the 10 h subtraction; mdp3 was isolated from the 40 h subtraction. While mdp1 and mdp2 are highly abundant transcripts showing hybridization intensities almost identical to the actin transcripts in stages after conjugation, mdp3 mRNA is expressed at least at a 10-fold lower rate as determined by virtual northern analysis (Fig. 2) .
To determine the time course of mdp expression, cDNAs from different time points during macronuclear differentiation and from vegetative cells were synthesized and equal amounts of the same preperation were loaded onto four different agarose gels and blotted onto nylon membranes. To demonstrate the integrity of these cDNA preparations one of these membranes was hybridized with an S.lemnae actin gene probe.
MDP1
The mdp1 transcript is 2500 bases and is contained on a macronuclear molecule of~2.8 kb (Fig. 2A) . Of the 24 colonies analyzed in this report, 11 originated from this transcript. Ten were identical in sequence, while one came from an adjacent RsaI fragment. Restriction digestion (RsaI) was a prerequisite for achieving an optimal suppression subtractive hybridization. Transcription of mdp1 is ®rst detected at the beginning of macronuclear development and remains constant for 40 h (Fig. 2A) . The ORF begins 46 bases downstream of the 5¢ end of the transcript. The ORF is 2376 bases and encodes a polypeptide of 791 amino acids. The predicted MW is 89 kDa and the protein has a pI of 9.01. PSI-BLAST indicated MDP1 contains the recently characterized PAZ and PIWI domains. MDP1 shares highest similarity with PIWI from Danio rerio (GenBank accession no. AF336369) with an e-value of e ±104 . Over a 794 amino acid region these two proteins share 29% identity and 51% similarity. Multiple sequence alignments of the PAZ and the PIWI domain from MDP1 and several highly similar proteins from other species are shown in Figure 3 . The alignment of the PIWI domain reveals a high conservation of these domains over a long period of eukaryotic evolution (Fig. 3C ).
MDP2
The mdp2 transcript is 1263 bases and is located on a macronuclear molecule of~1.5 kb (Fig. 2B) . Transcription of MDP2 begins immediately after initiation of macronuclear development, and remains relatively constant for the next 40 h (Fig. 2B) . There is only one signi®cant ORF on this transcript, starting with the ®rst AUG 32 bases downstream of the 5¢ end. This ORF is 1026 bases and terminates with the UGA stop codon. The 341 amino acid polypeptide has a predicted MW of 40 kDa and a pI of 5.94. PSI-BLAST search revealed no known sequence motifs. MDP2 shares strongest similarity with an unknown protein from Arabidopsis thaliana (GenBank accession no. ACO16827) with an e-value of 4e ±05 . Over a 120 amino acid region the two polypeptides share 31% identity and 49% similarity. Other secondary structure prediction and amino acid analyses tools did not reveal any insight into the nature of MDP2. TargetP analysis indicates an 83% likelihood that MDP2 is localized in the nucleus (25) .
MDP3
The mdp3 transcript is~2.5 kb and is contained on a macronuclear molecule of~3200 kb. This rare transcript is ®rst detected 30 h after initiation of macronuclear development (Fig. 2C) . The ®rst 1038 bases of the transcript were sequenced. The sequence of the 3¢ end could not be obtained through TA cloning, unidirectional cloning or direct sequencing. The 5¢ untranslated region is 45 bases. Of the ORF, 993 bases, encoding 331 amino acids, were translated. This region of the protein is highly basic, with a pI of 9.17. No signi®cant similarity could be determined by PSI-BLAST. The lowest e-value obtained was 0.42 with a polypeptide similar to Wasp family 1 in Mus musculus (GenBank accession no. XM_142051). These two polypeptides are 32% identical and 46% similar over a 75 amino acid region.
DISCUSSION
During macronuclear development in S.lemnae, extensive cutting, splicing and rearranging of DNA occurs, resulting in elimination of up to 98% of the germline DNA (8) . Until now only some aspects of the nature of cis-acting sequences involved in the process of macronuclear development in S.lemnae have been studied in detail. A consensus inverted repeat in both subtelomeric regions was suggested to be necessary for processing of macronuclear destined sequences during development (26, 27) . Nothing is known about the proteins involved in these processes. Using a suppression subtractive hybridization procedure we have identi®ed three mRNAs differentially expressed during macronuclear development.
Two of the three cDNAs sequenced, mdp2 and mdp3, encode polypeptides with no signi®cant similarity to proteins in GenBank. The third gene, mdp1, identi®ed in nearly 50% of the isolated cDNA clones, is a homolog of the PIWI protein family, characterized by a highly basic amino acid composition (pI of MDP1, 9.01) and the highly conserved PIWI and PAZ domains. PIWI was discovered in Drosophila melanogaster, where it is required for asymmetric division of germline stem cells (28, 29) . Subsequently, PIWI homologs have been identi®ed in plants (A.thaliana), worms (Caenorhabditis elegans), mammals (M.musculus and Homo sapiens) and ciliates (Paramecium caudatum), but not in yeast. In many of these organisms over 20 paralogs have been identi®ed by similarity searches (30) . PAP, a PIWI homolog in Figure 2 . Detection of stage-speci®c RNAs and the corresponding macronuclear genes. Total RNA of vegetative cells and different stages during macronuclear development was isolated, ®rst and second strand cDNA synthesis was performed (see Materials and Methods). For agarose gel electrophoresis equal volumes from the same cDNA preparation were used for each of the four gels. Lane 1, cDNA derived from vegetative cells; lanes 2±5, cDNA derived from exconjugants, 0, 20, 30 or 40 h PC, respectively. The gels were blotted and hybridized with Dig labeled probes generated by PCR ampli®cation of the differentially expressed clones mdp1 (A), mdp2 (B) and mdp3 (C). To check the integrity of the different cDNAs, actin I was used as a control (D). Macronuclear DNA was isolated and separated by agarose gel electrophoresis. The gels were blotted and hybridized with the corresponding Dig labeled probes (lane 6).
P.caudatum, is transcribed at a very low level during vegetative growth, and is extensively upregulated during macronuclear development (31) . While the de®nitive function of PIWI homologs vary, approximately all twenty studied at the genetic level play crucial roles in germline-speci®c genetic suppression mechanisms and/or the double-stranded RNA silencing pathway.
Work in several ciliates on epigenetic regulation of macronuclear development, the identi®cation of proteins involved in macronuclear development and studies on PIWI in other eukaryotes combined with our results suggest a crucial role of RNA mediated events during macronuclear development in S.lemnae. (i) Studies by Meyer and coworkers (12, 32) in Paramecium indicate that homologydependent epigenetic effects play an important role in specifying proper excision of IESs through the action of RNA molecules cross-talking between macronuclear and micronuclear genomes. (ii) Chalker and Yao (33) found that IESs in Tetrahymena are transcribed bidirectionally during macronuclear development. Inhibition of transcription prevents IES excision. (iii) Pdd1p from Tetrahymena is differentially expressed during macronuclear development, co-localizes with IESs and is necessary for IES excision. It contains three chromo (chromatin organizer modi®er) domains (34, 35) . Chromodomain proteins do not bind DNA, but a recent study in Drosophila shows that members of this family are capable of binding RNA (36) . A homolog of Pdd1p was identi®ed in S.lemnae based on immunochemical methods (37) . (iv) An RNA proofreading mechanism has been postulated for DNA processing in S.lemnae (26) . (v) Homologs of PIWI, an evolutionarily conserved protein family involved in germline differentiation and RNA silencing, have now been identi®ed in the two ciliate species, P.caudatum and S.lemnae. The very speci®c transcription of mdp1 during macronuclear differentiation together with the observations discussed above strongly suggest that this S.lemnae homolog of PIWI is involved in the extraordinary genome modi®cations occurring during macronuclear development.
In conclusion, our experiments are a ®rst step towards the identi®cation of trans-acting factors involved in programmed DNA reorganization and elimination in stichotrichous ciliates. The ®nding that a PIWI homolog is exclusively expressed during macronuclear differentiation suggests that this protein plays a crucial role in these processes and provides indirect evidence that RNA mediated events are involved in restructuring the micronuclear genome.
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